
NASA TECHNlCAL 
MEMORANDUM 

N A S A  TM X-64604 

W I N D  B I A S I N G  TECHNIQUES 

FOR USE I N  OBTAINING 

LOAD RELIEF 

By Gale Ernsberger 
Aero- Astrodynamics Laboratory 

June 14, 1971 

NASA 

George C. Marshall S p c e  Flight Celzter 

Spdce Flight Center, ALabdma 

MSFC - Form 3190 (September 1968) 



TECHNICAL R E P O R T  S T A N D A R D  T ITLE P A G E  

7 
4. T I T L E  AND S U B T I T L E  

WIND BIASING TECHNIQUES FOR USE I N  OBTAINING LOAD RELIEF 

TECHNICAL IviD<OMNDrn 

Washington, D. C. 20546 -- 
3ING AGENCY CODE 

15. SUPPLEMENTARY NOTES 

--- 
16. ABSTRACT 

The techniques used i n  wind b i a s ing  t o  ob t a in  load r e l i e f  a r e  discussed i n  
d e t a i l .  The mer i t s  of b i a s ing  t o  var ious  s t a t i s t i c a l  wind models a r e  d i s c u s s e d  
w i th  emphasis placed on the  monthly mean vec tor  wind. S u b s t a n t i a l  load r e l i e f  
i s  demonstrated f o r  t h e  AAP-1 Skylab launch veh ic l e  by b i a s ing  i n  both pitch and 
yaw. The advantages of hybrid computer s imula t ions  w i th  Jimsphere wind profile 
i npu t s  a r e  d iscussed .  Comparisons between launch de lay  r i s k  using t h e  s ynilret ic  
wind approach and t h e  Jimsphere d e t a i l e d  wind show t h a t  t h e  d e t a i l  wind gives 
a more r e a l i s t i c  approach and a lower launch de lay  r i s k .  

17. KEY WORDS 118. D I S T R ~ B U T I O N  STATEMENT 

Skylab, Vehicle  Dynamics, Wind Biasing,  
FOR PUBLIC RELEASE: 

De ta i l  Wind, Load R e l i e f ,  P r o b a b i l i t y  
Statements 

E. D. G e i s s l e r  
D i r ec to r ,  Aero-As trodynamFcs Laboratory 

MSFC - Form 3292 (May 19F9) 

I 

22. P R I C E  19. SECURITY CLASSIF .  (of this r e p o r t )  1 20. SECURITY CLASSIF .  (of this p a g e )  21. NO. O F  PAGES 





TABLE O F  CONTENTS 

I . INTRODUCTION ............................................. 
. 11 ASSESSMENT OF STRUCTUJUL C A P A B I L I T Y  ...................... 
. I11 TECHNIQUES F O R  WIND B I A S I N G  .............................. 

....................... . A L i n e a r i z e d  E q u a t i o n s  of M o t i o n  
. ............................................ B D a t a  B a s e  
. C B e n d i n g  M o m e n t  I n d i c a t o r  ............................. 

..................................... . D B a s i c  T e c h n i q u e s  . . E V e r i f i c a t i o n  of S i m p l e  D y n a m i c  M o d e l  ................ 
........................................ . F B a s i c  R e s u l t s  

. . .  . I V  S IMULATION RESULTS 

. V . CONCLUSIONS AND RECOMMENDATIONS ......................... 

iii 



LIST OF ILLUSTRATIONS 

T i t l e  Page 

7 ..................... Ri.gid Body C o o r d i n a t e s ,  Yaw P l a n e  

T y p i c a l  Bending Moment C o e f f i c i e n t s  and R e s u l t i n g  
........................... Bending Moment R a t i o . . . . . . .  

Comparison of S t e e r i n g  Commands from 6-D T r a j e c t o r y  
S i m u l a t i o n  and Yaw P l a n e  Model f o r  Mean Wind P r o f i l e . .  

Comparison of  D r i f t  Ra tes  f o r  P l a n a r  Model and 6-D 
........... S i m u l a t i o n  w i t h  Mean Wind V e l o c i t y  Envelope 

Bending Moment I n d i c a t o r  f o r  70 m / s  Design Winds 
Peaking a t  8 ,  10  and 12 km (64,  70 and 75 s e c )  ........ 
R e s u l t s  of P l a n a r  S i m u l a t i o n  Showing Reduct ion i n  
Wind R e s t r i c t i o n  f o r  Biased and Unbiased T r a j e c t o r i e s  

............................................. a t  1 0  km. 

Comparison of Ramp Wind P r o f i l e s  w i t h  S y n t h e t i c  Wind 
........................ P r o f i l e s  Peaking a t  1 0  km..... 

Wind R e s t r i c t i o n  f o r  Yaw Bias  t o  35 m/s S y n t h e t i c  
..... and 35 m/s and 50 m / s  Ramp Winds Peaking a t  1 0  km 

Yaw S t e e r i n g  P r o f i l e s  f o r  50 m / s  Ramp Wind P r o f i l e s  
Peaking a t  8 ,  1 0  and 12 km w i t h  V a r i a t i o n s  i n  I n i t i a l  

........................................ S t e e r i n g  Ledge 

Bending Moment I n d i c a t o r  f o r  8 ,  1 0  and 12 km Bias  
P r o f i l e s  i n  Response t o  a  70 m/s S y n t h e t i c  Wind. ...... 
E f f e c t  of I n i t i a l  S t e e r i n g  Ledge on D r i f t  R a t e  a t  
90  Seconds f o r  50 m/s Ramp Winds Peaking a t  8 ,  10 ,  

............................................. and 12 km 

E f f e c t  of I n i t i a l  S t e e r i n g  Ramp on Maximum Turning 
Angle Required t o  Produce Zero Angle of At tack  During 
Max Q f o r  50 m / s  Ramp Winds Peaking a t  8 ,  10  and 12 km 

Zero-Wind Angle-of-At tack S t e e r i n g  Command and 
................... Response t o  S y n t h e t i c  Wind P r o f i l e s  

Bending Moment I n d i c a t o r  f o r  Zero-Wind Angle-of-At tack 
S t e e r i n g  Command f o r  Zero  Wind and 70 m / s  Wind 
Peaking a t  8 ,  1 0  and 12 km ............................ 



Figure  

15 

LIST OF ILLUSTRATIONS (Continued) 

T i t l e  

T o t a l  Angle of A t t a c k  (aT) and T o t a l  D e f l e c t i o n  (FT) 
v s  t h e  P r o b a b i l i t y  of Not Exceeding f o r  March Sample 

.................................... of J imsphere  Winds 

Maximum Bending Moment a t  Veh ic le  S t a t i o n  80 Meters 
v s  P r o b a b i l i t y  of Not Exceeding f o r  March Sample of 
J imsphere  Winds ....................................... 
Skylab Bending Moment P r o f i l e s  Using March J imsphere  
Wind Sample ........................................... 



W I N D  BIASING TECHNIQUES FOR USE I N  OBTAINING LOAD RELIEF 

I. INTRODUCTION 

The AAP-1 Skylab l aunch  v e h i c l e  w i t h  t h e  S a t u r n  S-IC and S-IT b o o s t  
s t a g e s  has  e x h i b i t e d  reduced launch c a p a b i l i t y  due t o  h i g h  a l t i t u d e  winds 
a s  compared t o  o t h e r  S a t u r n  c l a s s  v e h i c l e s .  The c o n f i g u r a t i o n  i s  such 
t h a t  t h e  v e h i c l e  has  a  lower c o n t r o l  moment and a  h i g h e r  aerodynamic 
moment, r e s u l t i n g  i n  l a r g e  v e h i c l e  l o a d s .  The changes i n  t h e  c o n f i g u r a -  
t i o n  forward of t h e  S-IVB s t a g e  have a l s o  reduced t h e  s t r u c t u r a l  c a p a b i l -  
i t y .  The i n c r e a s e  i n  v e h i c l e  l o a d s  coupled w i t h  t h e  dec reased  s t r u c t u r a l  
c a p a b i l i t y  has  r e s u l t e d  i n  a  lower l aunch  p r o b a b i l i t y  d u r i n g  months w i t h  
predominant ly  h i g h  wind magnitudes a n d / o r  h i g h  wind s h e a r s .  

Load r e l i e f  i n  ae rodynamica l ly  u n s t a b l e  v e h i c l e s  i s  u s u a l l y  accom- 
p l i s h e d  by implementing a  load r e l i e f  c o n t r o l  sys tem,  by wind b i a s i n g ,  o r  
by a  combinat ion of t h e  two methods. S i n c e  t h e  Skylab c o n t r o l  sys tem 
u t i l i z e s  t h e  e x i s t i n g  S a t u r n  V hardware ,  i t  has  a  f i x e d  c o n t r o l  scheme 
employing r a t e  s e n s o r s  and a t t i t u d e  e r r o r  feedback.  The S a t u r n  V has  no 
provis iorrs  f o r  a c c e l e r o m e t e r  o r  a n g l e - o f - a t t a c k  feedback t o  p rov ide  Load 
r e l i e f .  S i n c e  t h e  b o o s t e r  is  a l r e a d y  b u i l t ,  t h e r e  i s  no p o s s i b i l i t y  of 
i n c r e a s i n g  t h e  s i z e  of t h e  f i n s ,  e t c . ,  t o  r e d u c e  t h e  amount of aerodynamic 
i n s t a b i l i t y .  

The o n l y  remaining avenue of approach then  i s  through wind b i a s i n g ,  
Th i s  i s  a  load r e l i e f  t e c h n i q u e  where in  t h e  t r a j e c t o r y  i s  shaped t o  c a u s e  
t h e  v e h i c l e  t o  f l y  a  p r e s c r i b e d  a n g l e - o f - a t t a c k  p r o f i l e  ( u s u a l l y  z e r o )  i n  
t h e  p r e s e n c e  of  t h e  b i a s i n g  wind p r o f i l e  d u r i n g  t h e  h i g h  dynamic p r e s s u r e  
r e g i o n  of  f l i g h t .  Wind b i a s i n g  is  n o t  a  new approach f o r  S a t u r n  v e h i c l e s  
s i n c e  t h e  S a t u r n  I, I B ,  and V have a l l  used wind b i a s i n g  f o r  v a r i o u s  
r e a s o n s ,  g e n e r a l l y ,  t o  p r o v i d e  a d d i t i o n a l  l o a d  r e l i e f  and minimize G r i f t ,  
S a t u r n  SA-6 was an e x c e p t i o n  i n  t h a t  t h e  b i a s i n g  was done t o  induce  a 
f o u r - d e g r e e  a n g l e  of  a t t a c k  t o  p r o v i d e  a  good assessment  of t h e  aerodynamic 
c h a r a c t e r i s  t i c s  and s t r u c t u r a l  c a p a b i l i t y .  

I n i t i a l  a t t e m p t s  t o  p r o v i d e  a  wind-biased t r a j e c t o r y  f o r  t h e  Skylab 
v e h i c l e  i n d i c a t e d  a  number of c o n t r a d i c t o r y  t r e n d s ,  mainly  t h a t  t h e  vehicle 
would n o t  f l y  t h e  b i a s i n g  s t e a d y - s  t a t e  wind when s u b j e c t e d  t o  d e s i g n  s h e a r s  
and g u s t s  . Subsequen t ly ,  t h e  e n t i r e  p rocedure  of wind b i a s i n g ,  a n a l y s i s  
of  v e h i c l e  u n c e r t a i n t i e s  ( t h r u s t  misa l ignment ,  c .g .  o f f s e t ,  e t c , )  , eva lua -  
t i o n  of wind l i m i t s ,  and even t h e  wind s t a t i s t i c s  were examined ( s e e  
S e c t i o n  IV).  



The Skylab was o r i g i n a l l y  planned t o  f l y  a long  an azimuth of 6 3 " .  
This  f l i g h t  az imuth would have r e q u i r e d  on ly  a  nominal p i t c h  p l a n e  b i a s .  
However, t h e  d e c i s i o n  t o  go t o  a  45" f l i g h t  az imuth r e q u i r e d  a  s i g n i f i -  
c a n t i y  d i f f e r e n t  t y p e  of b i a s i n g .  The predominant w e s t - t o - e a s t  winds of 
the E a s t e r n  T e s t  Range (ETR) a r e  t a i l w i n d s  f o r  e a s t e r l y  l aunch  az imuths ,  
b u t  for t he  45" az imuth ,  they  become a  combinat ion of t a i l -  and l e f t  
c ross -wind ,  S i n c e  t h e  mean t a i l -  and cross-wind magnitudes a r e  approx i -  
ma te ly  e q u a l ,  b i a s i n g  i n  p i t c h  and yaw s i m u l t a n e o u s l y  was recommended. 
This i s  d i s c u s s e d  f u r t h e r  i n  S e c t i o n  I V .  

The b a s i c  p rocedures  fo l lowed on p rev ious  S a t u r n  v e h i c l e s  were used 
t o  e s s e s s  t h e  s t r u c t u r a l  c a p a b i l i t y .  These p rocedures  a r e  d e s c r i b e d  i n  
d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n .  

The a u t h o r  wishes  t o  e x p r e s s  h i s  a p p r e c i a t i o n  t o  M r .  Zachary 
Ga labof f  f o r  h i s  e f f o r t s  i n  programming t h e  mathemat ica l  model and f o r  
a s s i s t a n c e  i n  o b t a i n i n g  r e s u l t s .  Thanks a r e  a l s o  due M r .  Randy 
S t e i n b e r g  f o r  a i d  i n  running t h e  program and p l o t t i n g  t h e  p r e l i m i n a r y  
r e s u l t s ,  

11. ASSESSMENT OF STRUCTURAL CAPABILITY 

I n  t h e  p a s t ,  t h e  s t r u c t u r a l  c a p a b i l i t y  of S a t u r n  v e h i c l e s  has  been 
a s s e s s e d  i n  terms of wind l i m i t s .  Beginning w i t h  a  s e t  of nominal 
v e h i c l e  wind r e s p o n s e  d a t a ,  r i g i d  body s t r u c t u r a l  l i m i t s  have been 
g e n e r a t e d ,  These d a t a  a r e  f u r n i s h e d  a s  a  l i m i t i n g  enve lope  of  bending 
moment c a p a b i l i t y  f o r  v a r i o u s  f l i g h t  t imes  (o r  Mach number r a n g e s ) .  
These envelopes  a r e  then  used t o  a s s e s s  t h e  v e h i c l e ' s  maximum wind 
magnitude c a p a b i l i t y .  

Next, t h e  v e h i c l e  d a t a  u n c e r t a i n t i e s  a r e  a s s e s s e d  t o  r e f l e c t  t h e  
30 ?eve1 of c o n f i d e n c e  i n  t h e  b e s t  e s t i m a t e  a v a i l a b l e .  These v a r i a t i o n s  
i n c l u d e ,  b u t  a r e  n o t  n e c e s s a r i l y  l i m i t e d  t o ,  t h e  fo l lowing :  

(1) normal f o r c e  c o e f f i c i e n t  - CN 

( 2 )  c e n t e r  of p r e s s u r e  - C p  

(3) c e n t e r  of g r a v i t y  

( 4 )  c o n t r o l  g a i n s  

(5) mass and /o r  t h r u s t  

(6)  t h r u s  t v e c t o r  misal ignment  of f i x e d  and c o n t r o l  e n g i n e s ,  
e t c .  



These u n c e r t a i n t i e s  a r e  combined i n  such  a  manner a s  t o  i n c r e a s e  the  
v e h i c l e  bending moment t o  a  maximum. The p rocedure  i s  s i m p l i f i e d  some- 
what by root-sum-squar ing i n d i v i d u a l  c o n t r i b u t i o n s  t o  major u n c e r t a i n t i e s ,  
For example, t h e  t h r u s t  v e c t o r  misal ignment  of t h e  c o n t r o l  eng ine  i s  com- 
posed of u n c e r t a i n t i e s  due t o  v e h i c l e  manufac tu r ing  and assembly pro- 
cedures  ( t o l e r a n c e  b u i l d u p ,  s t a c k i n g  e r r o r s ,  e t c . ) ,  a s  w e l l  a s  t h o s e  due 
t o  n u l l  o f f s e t s  i n  t h e  e l e c t r o n i c  components, s e n s o r s ,  e t c .  The i n d i v i d -  
u a l  u n c e r t a i n t i e s  a r e  combined s t a t i s t i c a l l y  t o  g i v e  t h e  e f f e c t e v e  
misal ignment  of t h e  t h r u s t  v e c t o r .  

The v e h i c l e  i s  t h e n  modeled and flown ( s i m u l a t e d )  through a  f ami ly  
of s y n t h e t i c  wind p r o f i l e s  c o n t a i n i n g  s h e a r s  and g u s t s  cons t r u c t e d  L r  
accordance  w i t h  r e f e r e n c e  1. The p r o f i l e s  a r e  c o n s t r u c t e d  t o  peak  a t  a 
range  of  a l t i t u d e s ,  t y p i c a l l y  8 ,  1 0 ,  and 12 km, cor respond ing  t o  t 5 e  
maximum dynamic p r e s s u r e  (max q)  r e g i o n  of b o o s t  f l i g h t .  The d a t a  
u n c e r t a i n t i e s  a r e  i n c o r p o r a t e d  t o  produce t h e  maximum a ' s  and 9's f o r  
t h e s e  p r o f i l e s .  The s t e a d y - s t a t e  wind v a l u e  which produces a v a i d e  of  
bending moment e q u a l  t o  t h e  l i m i t  bending moment c a p a b i l i t y  becomes t h e  
wind l i m i t  f o r  t h a t  g i v e n  a l t i t u d e .  The p rocess  i s  r e p e a t e d  t o  provide 
a  l i m i t  a t  each a l t i t u d e  f o r  head ,  t a i l ,  and l e f t  and r i g h t  c r o s s - b i n d s ,  

These wind l i m i t s  ( o r  envelopes  of c a p a b i l i t y )  a r e  then  used i n  a 
c o u n t i n g  p rocedure  t o  de te rmine  t h e  number of wind p r o f i l e s  from a sample 
of t h e  e n t i r e  p o p u l a t i o n  of winds which f a l l  i n s i d e  and o u t s i d e  of the 
l i m i t s .  This t h e n  a l l o w s  t h e  a n a l y s t  t o  compute t h e  p r o b a b i l i t y  of 
s u c c e s s  ( o r  f a i l u r e ) .  S i n c e  t h e  j o i n t  p r o b a b i l i t y  of t h e s e  s t e a d y  -s t a t e  
v e c t o r  wind magnitudes and s h e a r s  was n o t  known u n t i l  r e c e n t l y  Qrefer-  
ence  2 ) ,  on ly  a  s c a l a r  " c o n d i t i o n a l "  p r o b a b i l i t y  s t a t e m e n t  c o a l d  be made 
f o r  t h e  launch.  By c o n d i t i o n a l  we mean " f o r  a  s p e c i f i e d  a l t i t u d e ,  g i v e n  
t h a t  non-nominal v e h i c l e  parameters  occur  and g i v e n  t h a t  t h e  99% s c a l a r  
wind s h e a r  and g u s t s  o c c u r ,  t h e  c r i t i c a l  wind speed occurs  a t  t h e  s p e c i -  
f i e d  a l t i t u d e . "  Then t h e  p r o b a b i l i t y  of  a  l aunch  s u c c e s s  ( o r  f a i l u r e )  
is  a  d e t e r m i n a b l e  p e r c e n t a g e .  While t h e  e n t i r e  p rocedure  i s  somewhat 
c o n s e r v a t i v e ,  e a r l i e r  S a t u r n  b o o s t e r s  had s u f f i c i e n t  c a p a b i l i t y  t o  p e r n i t  
t h i s  p rocedure  t o  be  used.  

The same p rocedure  was used s u c c e s s f u l l y  t o  e v a l u a t e  t h e  c a p a b i l i t y  
f o r  b o t h  w ind-b iased  and nonbiased t r a j e c t o r i e s .  One s e r i o ~ z s  difEicuL t y  
w i t h  t h e  b i a s  ing  p rocedure  was encoun te red ,  however, i n  e v a l u a t i n g  t h e  
wind l i m i t s  f o r  Skylab.  Load l i m i t s  were exceeded f o r  s y n t h e t i c  wind 
p r o f i l e s  w i t h  s t e a d y - s t a t e  wind magnitudes abou t  e q u a l  t o  t h e  expected or  
mean wind. A f t e r  c a r e f u l  a n a l y s i s  of t h e  problem, i t  was determined t h a t  
t h e  p l a n e  of symmetry of  v e h i c l e  c a p a b i l i t y  was r o t a t e d  a s  w e l l  a s  
t r a n s l a t e d  by t h e  b i a s .  By i n t r o d u c i n g  s y n t h e t i c  winds a s  d i r e c t i o n a l  
winds i n  45-degree  inc rements ,  a  b e t t e r  d e f i n i t i o n  of t h e  envelope of 
c a p a b i l i t y  was o b t a i n e d .  However, s i n c e  t h e  wind s h e a r  i n c r e a s e s  as t h e  
s t e a d y - s t a t e  magni tude i n c r e a s e s ,  any l a r g e  g a i n  i n  s t r u c t u r a l  c a p a b i l i t y  
due t o  b i a s i n g  tended t o  b e  nega ted .  



Adding t h e  30 d a t a  u n c e r t a i n t i e s  i n  t h e  w o r s t  d i r e c t i o n  f u r t h e r  
reduced l aunch  p r o b a b i l i t y .  A more r e a s o n a b l e  t r e a t m e n t  of t h e  d a t a  
u n c e r t a i n t i e s  is  t o  o b t a i n  t h e  root-sum-square  (RSS) of t h e  i n d i v i d u a l  
p e r t u r b a t i o n  e f f e c t s .  The "A" f a c t o r  method of r e f e r e n c e  3 i s  a  
t e c h n i q u e  by which t h e  d a t a  u n c e r t a i n t i e s  can b e  combined t o  o b t a i n  
t h e  d e s i r e d  RSS e f f e c t  i n  one computer run a f t e r  t h e  i n i t i a l  a n a l y s i s  
of  t h e  p e r t u r b a t i o n  s o l u t i o n s .  The p e r t u r b a t i o n  f a c t o r  "A" i s  c a l c u l a t e d  
a s  fo l lows :  

m~ 
Y 

max 

where 

m~ = (bending moment f o r  i t h  p e r t u r b a t i o n )  - (nominal 
bending moment) 

and 

& ~ m a x  
= (bending moment f o r  a l l  p e r t u r b a t i o n s  s i m u l t a n e o u s l y  

i n  wors t  d i r e c t i o n )  - (nominal bending moment). 

A l t e r n a t e l y ,  

The "'A" f a c t o r  is then  used a s  a  s c a l e  f a c t o r  t o  r educe  t h e  independent  
30 u n c e r t a i n t i e s  t o  a n  approximate  30 combined p r o b a b i l i t y  of o c c u r r e n c e .  
The "A" f a c t o r  g e n e r a l l y  v a r i e s  between 0.4 and 0 .6  be ing  dependent  on 
a l t i t u d e ,  a s  w e l l  a s  on v e h i c l e  s t a t i o n .  A  v a l u e  of 0.5 has  been found t o  
p r o v i d e  s a t i s f a c t o r y  r e s u l t s  f o r  p r e l i m i n a r y  a n a l y s e s .  S i n c e  t h e  number 
of runs  t o  be  cons ide red  i s  l a r g e ,  a  more a c c u r a t e  v a l u e  can  b e  determined 
a f t e r  p r e l i m i n a r y  a n a l y s e s  a r e  completed.  Also ,  because  of t h e  n o n l i n e a r  
nature of t h e  e f f e c t s  of t h e  u n c e r t a i n t i e s  on t h e  v e h i c l e  performance,  
s e v e r a l  t r i a l  v a l u e s  may b e  r e q u i r e d  t o  f i n d  t h e  "A" f a c t o r  which g i v e s  
t h e  RSS v a l u e  of bending moment. 



However, even by us ing  t h i s  p rocedure  i n  t h e  a n a l y s i s ,  t h e  Skyiab 
v e h i c l e  was found t o  have a  low launch p r o b a b i l i t y .  I n  o r d e r  t o  i n c r e a s e  
t h e  l aunch  p r o b a b i l i t y ,  wind-b ias ing  t echn iques  were i n v e s t i g a t e d  t o  
d e t e r m i n e  whether  a  d i f f e r e n t  approach cou ld  b e  used.  

111. TECHNIQUES FOR WIND BIASING 

To g a i n  a n  unders tand ing  of wind b i a s i n g  approaches ,  biasing i n  o n l y  
one p l a n e  (yaw) was ana lyzed .  The p i t c h  p l a n e  can  b e  t r e a t e d  i n  t h e  same 
manner a s  a  p e r t u r b a t i o n  abou t  a  nominal g r a v i t y  t u r n .  The L inear ized  
e x p r e s s i o n  f o r  t h e  t o t a l  a n g l e  of a t t a c k  (9) i n  one p lane  (yaw) i s  

= ( v e h i c l e  a t t i t u d e )  + (wind a n g l e  of  a t t a c k )  

- ( d r i f t  induced a n g l e  of a t t a c k ) .  

For a  g i v e n  wind p r o f i l e ,  t h e  pa ramete r s  which can b e  c o n t r o l l e d  t o  
r educe  t h e  t o t a l  a n g l e  of a t t a c k  a~ of ( 3 )  a r e  q and $. 

TO minimize aT, one cou ld  c o n t i n u o u s l y  c o n t r o l  ( s t e e r )  t h e  v e h i c l e  
i n t o  t h e  wind such  t h a t  

The v e h i c l e  i s  s imply  commanded t o  a l i g n  i t s  l o n g i t u d i n a l  a x i s  along t h e  
r e l a t i v e  v e l o c i t y  v e c t o r .  

The ~ e h i c l e ~ m a y  a l s o  b e  s t e e r e d  such  t h a t  cp i s  s e t  equa l  t o  z e r o  and 
t h e  d r i f t  r a t e  (Y) i s  e q u a l  t o  t h e  wind v e l o c i t y  (VW). Another c h o i c e  
would b e  t o  b a l a n c e  p a r t  of t h e  a n g l e  of a t t a c k  w i t h  d r i f t  r a t e  i n  ehe 
maximum dynamic p r e s s u r e  (max q )  r e g i o n  of f l i g h t  and t h e  remainder by 
t u r n i n g  i n t o  t h e  wind. This  i s  t h e  p r e s e n t  t e c h n i q u e  used on S a t u r n  Launch 
v e h i c l e s  and can  b e  t a i l o r e d  t o  minimize t e r m i n a l  d r i f t  a s  w e l l  as a n g l e -  
o f - a t t a c k  d u r i n g  max q .  S e v e r a l  c h o i c e s  e x i s t  f o r  t h e  p roper  b a i a l c e  
between v e h i c l e  d r i f t  and t u r n i n g  i n t o  t h e  wind. These c h o i c e s  a r e  exp lo red  
i n  t h e  f o l l o w i n g  s e c t i o n s ,  a long  w i t h  a  d i s c u s s i o n  of t h e  mo' 1 a n d  b a s i c  
data.  



A. L i n e a r i z e d  Equat ions  of Motion 

A s i m p l i f i e d  s e t  of e q u a t i o n s  of mot ion was d e r i v e d  f o r  t h e  yaw 
p l a n e  i n  accordance  w i t h  t h e  s i g n  conven t ions  i n d i c a t e d  i n  f i g u r e  1. 
The resulting e q u a t i o n s  a r e  a s  f o l l o w s :  

$ = v e h i c l e  a n g u l a r  a c c e l e r a t i o n  

= -C,a - C2p 

y = v e h i c l e  l a t e r a l  a c c e l e r a t i o n  

= G,cp + G2a + GI?@ 

@ = commanded eng ine  d e f l e c t i o n  

$ = v e h i c l e  a t t i t u d e  heading e r r o r  

aT = t o t a l  a n g l e  of a t t a c k  

1 
= cp + v  (VW - ?). 

B. Data Base 

T y p i c a l  v a l u e s  of V,  C1, C2, e t c . ,  were d e r i v e d  from Skylab d a t a  ( s e e  
t a b l e  I ) .  Nominal v a l u e s  of a. and a l  were 0.9 and 1 .03,  r e s p e c t i v e l y .  
The angle of a t t a c k  feedback g a i n  bo was nomina l ly  z e r o .  

TABLE 1 



F i g u r e  1. Rigid  Body C o o r d i n a t e s ,  Yaw P l a n e  



C .  Bending Moment I n d i c a t o r  

To f a c i l i t a t e  a  r e a l i s t i c  e v a l u a t i o n  of t h e  r e l a t i v e  m e r i t s  of 
each  b i a s i n g  t echn ique  i n v e s t i g a t e d ,  a  s i m p l i f i e d  bending moment IB 
indicator for an a r b i t r a r y  s t a t i o n  was d e r i v e d  a s  fo l lows :  

The bending moment c o e f f i c i e n t s  &(x)  and M;(X) e a c h  c o n t a i n  t h e  moment 
c o n t r i b u t i o n s  of s t a t i c  and i n e r t i a  l o a d s  due t o  a  u n i t  a n g l e  of a t t a c k  
and eng ine  d e f l e c t i o n  t aken  independen t ly .  F i g u r e  2 shows a  t y p i c a l  
range of & ( x ) ,  M ~ ( x ) ,  and R(x) f o r  t h e  c o n f i g u r a t i o n  b e i n g  s t u d i e d .  
It can be s e e n  from (11) t h a t  a s  R(x) i n c r e a s e s ,  t h e  bending moment 
becomes i n s e n s i t i v e  t o  e n g i n e  d e f l e c t i o n s  . 

- 
L C  
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m 

V e h i c l e  S t a t i o n  ( m e t e r s  f r o m  G i m b a l )  

F i g u r e  2 .  T y p i c a l  Bending Moment C o e f f i c i e n t s  
and R e s u l t i n g  Bending Moment R a t i o  



D. Bas ic  Techniques 

The t e c h n i q u e  used t o  g e n e r a t e  t h e  b i a s i n g  t r a j e c t o r i e s  was t o  s e t  
up a n  i n i t i a l  d r i f t  by s e t t i n g  Xc equa l  t o  a  c o n s t a n t  over  t h e  i n i t i a l  
p o r t i o n  of f l i g h t .  This  c o n s t a n t  i s  l a t e r  r e f e r r e d  t o  a s  t h e  i n i t i a l  
s t e e r i n g  l e d g e .  I n  g e n e r a l ,  t h e  v e h i c l e  d r i f t  a t  lower a l t i t u d e s  i s  
o p p o s i t e  i n  d i r e c t i o n  t o  t h e  d r i f t  a t  max q.  At low a l t i t u d e s  X, i s  
genera ted  s u c h  t h a t  t h e  v e h i c l e  t u r n s  w i t h  t h e  wind. To f o r c e  t h e  
v e h i c l e  t o  t u r n  i n t o  t h e  wind i n  t h e  max q  r e g i o n  of f l i g h t ,  the s t e e r -  
ing  command i s  d e f i n e d  a s  

This approximat ion assumes t h a t  9 i n  e q u a t i o n  (3 )  i s  equa l  t o  Xc if t h e  
c o n t r o l  i s  p e r f e c t .  The assumpt ion i s  j u s t i f i e d  i n  t h a t  a~ was g e n e r a l l y  
of t h e  o r d e r  -0 .3  5 a~ 5 0 . 3 " .  S i n c e  $2 g e n e r a l l y  l a g s  Xc, a more r e a l -  
i s t i c  approach might b e  t o  l e t  

t ( t  + a t )  - v w ( t  + n t )  
x ( t )  = 

C ~ ( t  + ~ t )  Y 

where At i s  a  t ime  d i f f e r e n t i a l  t o  accoun t  f o r  t h e  phase  l a g  i n  t h e  con- 
t r o l  sys tem due t o  n o n i d e a l  e f f e c t s .  S i n c e  t h e s e  e f f e c t s  were cons ide red  
smal l  based on p rev ious  Apol lo  v e h i c l e  s t u d i e s  , they  were n o t  i n v e s t i g a t e d ,  

E .  V e r i f i c a t i o n  of Simple Dynamic Model 

I n  f i g u r e  3 ,  t h e  r e s u l t s  of t h e  p l a n a r  model ( e q u a t i o n s  (5) through. 
( 9 ) )  a r e  compared w i t h  t h e  yaw s t e e r i n g  h i s t o r y  o b t a i n e d  from a complete  
6-D t r a j e c t o r y  s i m u l a t i o n  w i t h  non- idea l  c o n t r o l  t o  de te rmine  t h e  
accuracy of t h e  s i m p l i f i e d  approach.  The p r i n c i p a l  d i f f e r e n c e s  i n  t h e  
s t e e r i n g  commands a r e  a t t r i b u t e d  t o  c o n t r o l  sys tem l a g s  n o t  s i m u l a t e d  i n  
t h e  s i m p l i f i e d  model. Both s y s  tems e x h i b i t e d  s i m i l a r  l a t e r a l  d r i f t  r a t e s  
us ing t h e  mean wind p r o f i l e  a s  t h e  f o r c i n g  ( o r  b i a s i n g )  f u n c t i o n .  Based 
on t h e  comparisons shown i n  f i g u r e s  3  and 4 ,  i t  was concluded t h a t  t h e  
s i m p l i f i e d  dynamic model was adequa te  f o r  t h e  purpose  of t h i s  s t u d y ,  
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F i g u r e  4 .  Comparison o f  D r i f t  R a t e s  f o r  P l a n a r  Model and 
6-D S i m u l a t i o n  w i t h  Mean Wind V e l o c i t y  Envelope  



F. Bas ic  R e s u l t s  

S e v e r a l  d i f f e r e n t  approaches  t o  deve lop ing  a  b i a s  t r a j e c t o r y  were 
i n v e s t i g a t e d  a l o n g  w i t h  t h e  t r a d e - o f f s  invo lved .  These approaches  a r e  
d i s c u s s e d  i n  t h e  f o l l o w i n g  pa ragraphs .  

1. Mean Wind Bias  

S i n c e  t h e  i n i t i a l  Skylab s t r u c t u r a l  a s sessment  us ing  a complete  
6 - D  s i m u l a t i o n  i n d i c a t e d  t h e  most s e v e r e  wind r e s t r i c t i o n s  ( o r  h i g h e s t  
v e h i c l e  l o a d s )  occur  a t  approx imate ly  10  km (- 71 s e c ) ,  most of t h e  
r e s u l t s  p r e s e n t e d  a r e  f o r  t h i s  c a s e .  The t r e n d s  can g e n e r a l l y  be  
a p p l i e d  t o  o t h e r  a l t i t u d e s .  Approximate s t r u c t u r a l  l i m i t s  i n  terms of 
t h e  bending moment i n d i c a t o r  ( I b )  were developed t o  p rov ide  a b a s i s  f o r  
comparison.  

To p r o v i d e  a  b a s i s  from comparison between t h e  v a r i o u s  t echn iques  
i n v e s t i g a t e d  i n  t h e  s t u d y ,  t h e  p l a n a r  model b i a s  s t e e r i n g  command shown 
i n  f i g u r e  3 was developed f o r  t h e  mean yaw wind component shown i n  f i g -  
u r e  4 .  A f a m i l y  of s y n t h e t i c  winds [ I ]  was c o n s t r u c t e d  f o r  s t e a d y - s t a t e  
wind s p e e d s  of 35,  50 ,  60 and 70 m/sec peaking a t  a l t i t u d e s  of 8 ,  10 and 
12 km. The v a r i a t i o n  of  Ib f o r  t h e  70 m/sec s y n t h e t i c  p r o f i l e  for t h e  
nonbiased and mean wind b i a s e d  s t e e r i n g  commands is shown i n  f i g u r e  5.  
Both s e t s  of r e s u l t s  f e l l  o u t s i d e  t h e  a l l o w a b l e  enve lope  of lb with t h e  
nonbiased s t e e r i n g  command i n d i c a t i n g  34% h i g h e r  l o a d s  than  t h e  b i a s e d  
command a t  10  km. - -- 

-9-  / N o  Y a w  B i e s  - - -  - - - 
35  m/s S y n t h e t i c  
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F i g u r e  5 .  Bending Moment I n d i c a t o r  f o r  70 m/s S y n t h e t i c  Wfnds 

Peaking a t  8 ,  1 0  and 12 km (64,  70 and 75 s e c )  



The r e s u l t s  o b t a i n e d  by p l o t t i n g  I b  v e r s u s  s t e a d y - s t a t e  wind speed 
f o r  winds peaking a t  1 0  km a r e  shown i n  f i g u r e  6. When compared t o  t h e  
a l l o w a b l e  v a l u e  of Ib a t  1 0  km, wind speed l i m i t s  of 35 m/sec and 
58 m/sec were o b t a i n e d  f o r  t h e  nonbiased and mean wind b i a s e d  s t e e r i n g  
c omnand s  . 
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F i g u r e  6.  R e s u l t s  of P l a n a r  S i m u l a t i o n  Showing Reduct ion i n  
Wind R e s t r i c t i o n  f o r  Biased and Unbiased T r a j e c t o r i e s  a t  10  km 

2 ,  Shear B ias ing  

Some e a r l i e r  6 - D  s i m u l a t i o n  r e s u l t s  showed t h a t  t h e  Skylab 
v e h i c l e  could  w i t h s t a n d  a  smooth wind p r o f i l e  w i t h  a  peak wind speed of 
120 m/sec (ob ta ined  by s c a l i n g  up t h e  mean wind u n t i l  t h e  v e h i c l e  c a p a b i l -  
i t y  was exceeded) .  These r e s u l t s  provided a  c l u e  t h a t  t h e  wind s h e a r  
b u i l d u p  might b e  t h e  major c o n t r i b u t o r  t o  t h e  l o s s  of c a p a b i l i t y .  To 
a s s e s s  t h e  e f f e c t s  of t h e  s h e a r  b u i l d u p ,  a  s y n t h e t i c  wind w i t h  a  s t e a d y -  
s t a t e  wind speed of 35 m/sec peaking a t  10  km was used a s  t h e  b a s i s  f o r  
t h e  b i a s i n g  command i n s t e a d  of t h e  mean wind. The 99% s h e a r s  were 
reduced by 15% ( i n  accordance  w i t h  r e f e r e n c e  1 )  w i t h  t h e  g u s t  omi t t ed .  
I n c l u d i n g  t h e  g u s t  d i d  n o t  a f  f e c t  v e h i c l e  r e s p o n s e .  The r e s u l t s  ob ta ined  
us ing  t h e  s h e a r  b i a s e d  s t e e r i n g  command a r e  compared w i t h  t h e  r e s u l t s  



o b t a i n e d  us ing  nonbiased and mean wind b i a s e d  commands i n  f i g u r e s  5 and  
6. There  were d e f i n i t e  improvements i n  c a p a b i l i t y  us ing t h e  s h e a r  b i a s  
a t  10  and 12 km. 

F i g u r e  6  compares t h e  r e s u l t s  of  t h e  above t h r e e  s t e e r i n g  commands 
f o r  t h e  bending moment i n d i c a t o r  a t  10  km. To p rov ide  a  check on t h e  
t r e n d s  i n d i c a t e d  by t h e s e  r e s u l t s ,  yaw wind speed l i m i t s  a t  10 km were 
o b t a i n e d  from a  complete  6-D s i m u l a t i o n  us ing  t h e s e  t h r e e  s t e e r i n g  
commands. The 6-D s i m u l a t i o n  used a  g r a v i t y  t u r n  p i t c h  t i l t  w i t h  
a p p r o p r i a t e  yaw b i a s  s t e e r i n g  command. The comparison of r e s u l t s  i s  
a s  fo l lows :  

(1 )  Nonbiased (m/s) 
P l a n a r  - 6-D 

3  5 3  6  

( 2 )  Mean Wind Biased (m/s) 5 8 5 3  

(3) S y n t h e t i c  Wind Biased (m/s) 63 5 9 

As a n  a l t e r n a t e  approach t o  e s t a b l i s h i n g  t h e  b a s e  wind f o r  s l iear  
b i a s i n g ,  a  ramp wind rough ly  f o l l o w i n g  t h e  b u i l d u p  of t h e  s y n t h e t i c  wind 
was c o n s t r u c t e d .  This  p r o f i l e  has t h e  advan tage  of r e q u i r i n g  fewer 
p o i n t s  t o  r e p r e s e n t  t h e  a l t i t u d e  v a r i a t i o n ,  thus  s a v i n g  computer s t o r a g e ,  
F i g u r e  7 shows a  comparison of t h e  s y n t h e t i c  and ramp wind p r o f i l e s  used 
f o r  a  t y p i c a l  a l t i t u d e  (10 km). 

ll / 70 m/s S y n t h e t i c  

3 5  m l s  R a m p  

3 5  m/s S y n t h e t i c  

F l i g h t  T i m e  ( s e c )  
F i g u r e  7. Comparison of Ramp Wind P r o f i l e s  w i t h  

S y n t h e t i c  Wind P r o f i l e s  Peaking a t  1 0  km 



F i g u r e  8 compares t h e  wind r e s t r i c t i o n  f o r  t h e  35 m/s s y n t h e t i c  
and the 35 and 50 m / s  ramp wind b i a s  s t e e r i n g  commands which were 63.0, 
6 8 , 7  and 7 8 . 7  m/s ,  r e s p e c t i v e l y .  The 50 m / s  ramp wind b i a s  s t e e r i n g  
command provided 15.7 m/s more c a p a b i l i t y  than  t h e  s y n t h e t i c  and 20 .7  m/s 
more c a p a b i l i t y  than  t h e  mean wind b i a s  s t e e r i n g  commands. Only t h e  maxi- 
mum wind speed c a p a b i l i t y  was determined f o r  t h e s e  s  t e e r i n g  commands and 
no attempt was made t o  i n v e s t i g a t e  t h e  minimum wind speed c a p a b i l i t y .  
The ramp wind b i a s  s t e e r i n g  commands a s  s e e n  i n  f i g u r e  9 a r e  composed of 
s i x  d i s t i n c t  s e t m e n t s  a s  f o l l o w s :  

( a )  I n i t i a l  s t e e r i n g  l e d g e .  

(b)  D i s c o n t i n u i t y .  

( c )  I n i t i a l  s h e a r  bu i ldup .  

( d )  F i n a l  s h e a r  b u i l d u p .  

(e) Steady  s t a t e  wind speed .  

( f )  Shear  backof f  . 

35 a/s S y n t h e t i c  ,, \ 

0 

S t e a d y  S t a t e  W i n d  S p e e d  ( m / s )  

F i g l ~ r e  8 ,  Wind R e s t r i c t i o n  f o r  Yaw Bias  t o  35 m/s S y n t h e t i c  and 
35 m/s and 50 m / s  Ramp Winds Peaking a t  10  km 



9 a .  13 k m  P r o f i l e s  9b. 10 knr Pvofi  l e s  

L e g e n d :  

@ I n i t i a l  S t e e r i n g  L e d g e  

@ D i s c o n t i n u i t y  

@ I n i t i a l  S h e a r  BuiBdug 

@ F i n a l  Shear  Bu i l dup  

@ S t e a d y - S t a t e  Wind 

@ S h e a r  Boclraff 

F i g u r e  9 .  Yaw S t e e r i n g  P r o f i l e s  f o r  50 m / s  Ramp Wind Profiles 
Peaking at 8, 10 and 12 km with Variations in Initial S t e e r i n g  Ledge 



The i n i t i a l  s t e e r i n g  l e d g e  is used t o  b u i l d  up d r i f t  b e f o r e  max q .  As 
t h e  dynamic p r e s s u r e  b u i l d s  up, t h e  s t e e r i n g  l o g i c  i s  changed t o  command 
t h e  v e h i c l e  t o  f l y  a  z e r o  a n g l e - o f - a t t a c k  t r a j e c t o r y ,  r e s u l t i n g  i n  a 
d i s c o n t i n u i t y  i n  t h e  s t e e r i n g  command. I n  a c t u a l  p r a c t i c e ,  segment 1 
would b e  g r a d u a l l y  blended i n t o  segment 3 .  Segments 3 through 6 r e s u l t  
from commanding t h e  v e h i c l e  t o  f l y  z e r o  a n g l e - o f - a t t a c k  a long  t h e  
i n i t i a l  and f i n a l  s h e a r  b u i l d u p ,  s t e a d y - s t a t e  wind s p e e d ,  and s h e a r  
bac i to i f ,  

3 ,  E f f e c t  of I n i t i a l  Ledge Command 

To e v a l u a t e  t h e  e f f e c t  of  t h e  i n i t i a l  l e d g e  of t h e  s t e e r i n g  
command p r o f i l e ,  a  s e r i e s  of b i a s  s t e e r i n g  commands was g e n e r a t e d  f o r  
ramp winds peaking a t  8 ,  1 0  and 12 km by v a r y i n g  t h e  i n i t i a l  s t e e r i n g  
Ledge from 1 . 5  t o  2.5 d e g r e e s .  As p r e v i o u s l y  ment ioned,  t h e  i n i t i a l  
l e d g e  i s  used t o  e n a b l e  t h e  v e h i c l e  t o  b u i l d  up a n  i n i t i a l  d r i f t  r a t e  
by t u r n i n g  t h e  v e h i c l e  w i t h  t h e  wind d u r i n g  t h e  e a r l y  p a r t  of b o o s t  
f l i g h t ,  As t h e  dynamic p r e s s u r e  r i s e s ,  producing i n c r e a s e d  aerodynamic 
l o a d i n g ,  t h e  v e h i c l e  i s  commanded t o  f o l l o w  a  z e r o  a n g l e - o f - a t t a c k  
t r a j e c t o r y .  The p o i n t  a t  which one s t o p s  b u i l d i n g  up d r i f t  and beg ins  
t o  f l y  z e r o  a n g l e - o f - a t t a c k  i s  somewhat a r b i t r a r y ;  45 seconds  was chosen 
t o  cor respond  t o  t h e  Skylab 6 - D  t r a j e c t o r y .  The s t e e r i n g  p r o f i l e s  a r e  
shown i n  f i g u r e s  9a ,  9b,  and 9c f o r  t h e  8 ,  10 ,  and 12 km p r o f i l e s ,  
r e s p e c t i v e l y ,  

The most d i s t i n c t i v e  f e a t u r e  of t h e s e  ramp wind-bias  s t e e r i n g  
p r o f i l e s  i s  t h a t  t h e  p r o f i l e s  have c o n s t a n t  s l o p e  changes a t  p o i n t s  
co r respond ing  t o  t h e  changes i n  t h e  s l o p e  of t h e  b i a s i n g  wind p r o f i l e  
( excep t  f o r  t h e  i n i t i a l  d i s c o n t i n u i t y  a t  45 s e c ) .  Th i s  f e a t u r e  mini-  
mizes the computer s t o r a g e  requ i rements  f o r  d e f i n i n g  t h e  s h a p e  of t h e  
s t e e r i n g  command i n  s i m u l a t i o n s  and i n  a c t u a l  f l i g h t  hardware.  Another 
c h a r a c t e r i s t i c  i s  t h a t  each f a m i l y  of p r o f i l e s  i n d i c a t e d  n e g l i g i b l e  
d i f f e r e n c e s  i n  a n g l e  of a t t a c k  and bending moment i n d i c a t o r  Ib when 
s u b j e c t e d  t o  a  70 m/sec s y n t h e t i c  wind. This  would tend t o  i n d i c a t e  
t h a t  t h e  t u r n i n g  r a t e  f o r  each p r o f i l e  i s  optimum f o r  t h e  amount of 
d r i f t  s e t  up by t h e  i n i t i a l  s t e e r i n g  ramp. 

However, each of t h e  f a m i l i e s  proved t o  b e  optimum on ly  a t  t h e  
a l t i t u d e  f o r  which t h e  b i a s i n g  wind peaked. I n  g e c e r a l ,  t h e  10  km b i a s  
p r o f i l e s  y i e l d e d  t h e  b e s t  r e s u l t s  ( s e e  f i g u r e  1 0 ) .  The 8  km p r o f i l e  
y i e l d e d  abou t  t h e  same r e s u l t s  a s  t h e  1 0  km p r o f i l e  i n  r e s p o n s e  t o  a  
70 m/s wind a t  8 km. This  t ends  t o  i n d i c a t e  t h a t  t h e  a n a l y s t  can 
i n i t i a l l y  c o n c e n t r a t e  on t h e  most c r i t i c a l  a l t i t u d e  (10 km i n  t h i s  c a s e ) ,  
and s e e k  improvement a t  lower and h i g h e r  a l t i t u d e s  a t  a  l a t e r  d a t e  i f  
i t  i s  r e q u i r e d .  



12 k m  P r o f i l e  

S t r u c t u r a l  L i m i t  

8 km P r o f i l e  

' T i m e  ( s e c )  
F i g u r e  10.  Bending Moment I n d i c a t o r  f o r  8 ,  1 0  and 1 2  krn 

Bias  P r o f i l e s  i n  Response t o  a  70 m/s S y n t h e t i c  Wind 

The methods by which s t r u c t u r a l  loads  c a n  b e  minimized i n  t h e  
max q  r e g i o n  have been d i s c u s s e d  i n  some d e t a i l .  The q u e s t i o n  now a r i s e s  
"What a r e  t h e  r e a l  t r a d e o f f s  between t h e  methods?" The i n i t i a l .  param- 
e t e r  encountered i n  t h i s  s t u d y  was t e r m i n a l  d r i f t .  S i n c e  i n  a gu idance  
scheme i t  i s  n e c e s s a r y  t o  minimize o r  c o n t r o l  t e r m i n a l  d r i f t ,  some scheme 
must b e  b u i l t  i n t o  t h e  t r a j e c t o r y  shap ing  t o  accomplish  t h i s  f e a t ,  

By us ing  d r i f t  r a t e  t o  minimize a n g l e  of a t t a c k ,  one ends up  
w i t h  a  l a r g e  t e r m i n a l  d r i f t  r a t e  i n  one d i r e c t i o n  ( p o s i t i v e  i n  this 
model) ,  and t u r n i n g  i n t o  t h e  wind produces a  l a r g e  d r i f t  r a t e  i n  t h e  
o p p o s i t e  d i r e c t i o n .  By a  p roper  combinat ion of t h e  two t e c h n i q u e s ,  t h e  
d r i f t  r a t e  can be  minimized a t  any t ime  of i n t e r e s t .  F i g u r e  11 shows 
t h e  e f f e c t  on t e r m i n a l  d r i f t  r a t e  of v a r y i n g  t h e  i n i t i a l  l e d g e  of Lhe 
s t e e r i n g  p r o f i l e .  Th i s  f i g u r e  a l s o  shows t h e  d r i f t  r a t e s  a t  90 sec  
o b t a i n e d  by v a r y i n g  t h e  l e d g e  from 1.5 t o  2.5 d e g r e e s ,  and i n d i c a t e s  
t h a t ,  f o r  s u f f i c i e n t  i n c r e a s e s  i n  t h e  i n i t i a l  s t e e r i n g  l e d g e ,  t h e  d r i f t  
r a t e  a t  90 s e c  can be  s e t  t o  ze ro .  A l t e r n a t e l y ,  t h e  d r i f t  r a t e  could  b e  
s e t  t o  any d e s i r e d  v a l u e .  



D r i f t  R a t e  ( m / s )  
F i g u r e  11, E f f e c t  of I n i t i a l  S t e e r i n g  Ledge on D r i f t  R a t e  a t  90 Seconds 

f o r  50 m/s Ramp Winds Peaking a t  8 ,  10  and 12  km 

4 ,  L i m i t i n g  F a c t o r s  f o r  B i a s i n g  

F i g u r e  12 shows t h e  e f f e c t  of t h e  i n i t i a l  s t e e r i n g  l e d g e  on t h e  
maximum t u r n i n g  a n g l e  r e q u i r e d  t o  produce z e r o  a n g l e  of a t t a c k  i n  t h e  
p resence  of t h e  b i a s i n g  wind. Although t h i s  v a r i a t i o n  has  l i t t l e  
importance  i n  terms of wind r e s p o n s e ,  i t  may have some b e a r i n g  on s t e e r -  
ing  l o g i c  f o r  eng ine  o u t  o r  a b o r t  s t u d i e s  where one might f l y  a  f r o z e n  
command f o r  an  extended pe r iod  of t ime and t h e r e b y  s e t  up e x c e s s i v e  
t e r m i n a l  d r i f t .  

While a t t e m p t i n g  t o  improve t h e  v e h i c l e  r e s p o n s e  t o  l a r g e  wind 
magni tudes ,  one shou ld  a l s o  a d d r e s s  t h e  problem of r e s p o n s e  t o  minimum 
wind speed o r  winds from a  c o u n t e r - d i r e c t i o n .  The s t e e r i n g  p r o f i l e s  
g e n e r a t e d  f o r  t h e  50 m/s ramp wind i n d i c a t e d  s u f f i c i e n t  s t r u c t u r a l  margins 
i n  the no-wind c a s e .  S i n c e  t h e  low wind speeds  have c o r r e s p o n d i n g l y  low 
s h e a r s ,  b i a s i n g  t h e  t r a j e c t o r y  f o r  t h e  low o r  no-wind c a s e  could  p r o v i d e  
a l i m i t i n g  c a s e  f o r  maximizing t h e  peak-wind c a s e .  

F i g u r e  13 shows t h e  s t e e r i n g  p r o f i l e  used t o  g e n e r a t e  a  - 6 "  
( n e g a t i v e )  a n g l e  of a t t a c k  a t  10  km f o r  t h e  no-wind c a s e .  Also  shown 
a r e  t h e  a n g l e - o f - a t t a c k  responses  f o r  no-wind and f o r  70 m/sec s y n t h e t i c  
wind p r o f i l e s  peaking a t  8 ,  1 0 ,  and 1 2  km. F i g u r e  14 shows t h e  bending 
moment i n d i c a t o r  f o r  t h e s e  f o u r  c a s e s  compared w i t h  t h e  approximate  



- I I I 1 

0 -4 - 8  - 1 2  
M a x i m u m  T u r n i n g  A n g l e  ( d e g )  

F i g u r e  12 .  E f f e c t  o f  I n i t i a l  S t e e r i n g  Ramp on Maximum Turn ing  Angle 
R e q u i r e d  t o  P r o d u c e  Ze ro  Angle  o f  A t t a c k  Dur ing  Max Q 

f o r  5 0  m / s  Ramp Winds P e a k i n g  a t  8 ,  1 0  and 1 2  krn 

F i g u r e  13 .  Zero-Wind Ang le -o f -At t ack  S t e e r i n g  Command 
and Response  t o  S y n t h e t i c  Wind P r o f i l e s  



1 2  S t r u c t u r a l  L i m i t s  
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W i n d  E n v e l o p e  

F l i g h t  T i m e  ( s e c )  
F i g u r e  14 .  Bending Moment I n d i c a t o r  f o r  Zero-Wind Ang le -o f -At t ack  S t e e r -  

i n g  Command f o r  Ze ro  Wind and 70 m / s  Wind Peak ing  a t  8 ,  1 0  
and 12  km. 

structural l i m i t .  T h i s  p r o f i l e  y i e l d e d  t h e  b e s t  r e s p o n s e  c h a r a c t e r -  
i s t i c s  t o  t h e  s y n t h e t i c  w inds ,  b u t  a t  t h e  i n c u r r e d  p e n a l t y  o f  o b t a i n i n g  
high bend ing  moments i n  t h e  no-wind c a s e .  

We have  shown v a r i o u s  yaw p l a n e  b i a s e s  and i n d i c a t e d  t h a t  t h e  
t r e n d s  c a n  be  a p p l i e d  t o  t h e  p i t c h  p l a n e .  B i a s i n g  s i m u l t a n e o u s l y  i n  
p i t c h  and yaw w i l l  b e  done  f o r  t h e  p r e s e n t  S k y l a b  f l i g h t  az imuth .  When 
one  a c c o u n t s  f o r  t h e  p r o b a b i l i t y  of  l a r g e  winds o c c u r r i n g  i n  e i t h e r  
p l a n e ,  t h e  e f f e c t s  must  b e  c o n s i d e r e d  j o i n t l y .  I f  t h e  v e h i c l e  must  
w i t h s t a n d  e q u a l  wind magn i tudes  f rom two d i r e c t i o n s  i n d e p e n d e n t l y  ( o r  
simultaneously), t h i s  p r o v i d e s  a  l i m i t  on t h e  amount o f  b i a s i n g  t h a t  
c a n  b e  done  i n d e p e n d e n t l y  i n  t h e  two p l a n e s .  I f  b i a s i n g  t o  t h e  mean 
wind i s  n o t  s u f f i c i e n t ,  t h e  n e x t  s t e p  would b e  t o  u s e  r e a l - t i m e  b i a s i n g  
based on t h e  s t a t i s t i c s  o f  wind p e r s i s t e n c e  i n  b o t h  d i r e c t i o n  and magni- 
t u d e ,  A l t e r n a t e l y ,  a  f a m i l y  o f  b i a s  p r o f i l e s  c o u l d  b e  g e n e r a t e d  t o  
encompass t h e  p r o b a b l e  c o m b i n a t i o n  which  m i g h t  b e  e n c o u n t e r e d .  

O the r  a t t e m p t s  a t  improving  t h e  o v e r a l l  wind l i m i t s  i n c l u d e d  
combining s e v e r a l  b i a s i n g  p r o f i l e s  by  l e a s t  s q u a r e s  and w e i g h t i n g  
t e c h n i q u e s .  The p r o f i l e s  i n v e s t i g a t e d  i n  t h e  o p t i m i z a t i o n  were  t h o s e  
c o r r e s p o n d i n g  t o  t h e  2 .5"  i n i t i a l  s t e e r i n g  ramp p r o f i l e s  o f  f i g u r e  9 .  
However, none of  t h e s e  methods p rov ided  a s t e e r i n g  p r o f i l e  which  was 
as  good as t h e  1 0  km b i a s  p r o f i l e  ( d a t a  n o t  p r e s e n t e d ) .  



I V .  SIMULATION RESULTS 

To f a c i l i t a t e  a  r e a l i s t i c  a s sessment  of l aunch  p r o b a b i l i t y ,  a h t g h -  
speed s ix -degree -o f - f reedom s i m u l a t i o n  program was developed f o r  use  on 
a  h y b r i d  computer.  This  program c o n t a i n s  t h e  f o l l o w i n g  f e a t u r e s :  

(1) F i r s t  s t a g e  t r a j e c t o r y  f l i g h t  s i m u l a t i o n .  

( 2 )  Closed- loop c o n t r o l  w i t h  t h r e e - a x i s  s t e e r i n g .  

( 3 )  Two e l a s  t i c  body modes. 

(4) Co.ntro1 f i l t e r  network and second-order  a c t u a t o r  models,  

(5) Wind d a t a  i n p u t  v i a  magnet ic  t a p e  (J imsphere  p r o f i l e s )  or 
c a r d s  ( s y n t h e t i c  p r o f i l e s ) .  

(6)  Speed of 20 t imes  r e a l  t ime.  

(7 )  Bending moment c a l c u l a t i o n  a t  t h r e e  v e h i c l e  s t a t i o n s .  

(8) D i s c r e t e  l e v e l  s e n s i n g  of  f i v e  pa ramete r s  a t  four-second 
i n t e r v a l s .  

(9) Maxcmum v a l u e  sampl ing of f i v e  pa ramete r s  i n  each  f o u r -  
second i n t e r v a l  . 

(10) C a l c u l a t i o n  of s t a t i s t i c s  of  d a t a  and exceedance of d i s c r e t e  
l e v e l s .  

(11) I d e n t i f i c a t i o n  of wind p r o f i l e s  producing exceedances ,  

A s e l e c t i o n  of  approx imate ly  1200 J imsphere  wind p r o f i l e s  from thc 
E a s t e r n  T e s t  Range sampled over  a  t h r e e - y e a r  pe r iod  was a v a ~ l a b l e  f o r  
t h e  i n i t i a l  i n v e s t i g a t i o n .  These  d a t a ,  r ecorded  on magnet ic  t a p e ,  con- 
t a i n  wind speed and d i r e c t i o n  a t  25-meter increments  up t o  an  altitude 
of 16-18 km. Use of  t h e s e  p r o f i l e s  i n  t h e  s i m u l a t i o n  a l l o w s  a d i r e c t  
d e t e r m i n a t i o n  of  l aunch  p r o b a b i l i t y  because  t h e y  accoun t  f o r  t he  c o r r e c -  
t i o n  between windspeed,  d i r e c t i o n ,  s h e a r ,  and g u s t .  These p r o f i l e s  do 
n o t  p r o v i d e  wind l i m i t s .  

To e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  wind b i a s i n g ,  t h e  launch p r a b a b i l -  
i t y  was e v a l u a t e d  f o r  t h e  nominal  and b i a s e d  t r a j e c t o r i e s .  Bending 
moments were c a l c u l a t e d  f o r  c r i t i c a l  v e h i c l e  s t a t i o n s ,  and t h e  pr~obabib-  
i t y  of n o t  exceeding t h e  s t r u c t u r a l  c a p a b i l i t y  was de te rmined .  This 
p r o b a b i l i t y  t h e n  becomes t h e  l aunch  p r o b a b i l i t y .  Then any i n c r e a s e  i n  
l aunch  p r o b a b i l i t y  due t o  i n c l u s i o n  of  a  b i a s  w i l l  i n d i c a t e  t h e  e f f e c t i v e -  
n e s s  of t h e  b i a s .  I n  t h e  a c t u a l  monthly samples  ana lyzed  thus  f a r ,  t h e  
i n c r e a s e  i n  launch p r o b a b i l i t y  was s u b s t a n t i a l .  



Data f o r  f i v e  pa ramete r s  (a, @, and t h r e e  bending moments) were 
sampled every  f o u r  seconds  i n  t h e  i n t e r v a l  from 50 t o  90 seconds  of 
v e h i c l e  f l i g h t .  These d a t a ,  a l o n g  w i t h  t h e  maximum v a l u e s  i n  each f o u r -  
second i n t e r v a l ,  were ana lyzed  t o  o b t a i n  t h e  t imewise  d i s t r i b u t i o n  of 
each parameter  i n  terms of i t s  mean and v a r i a n c e .  I n  a d d i t i o n ,  t h e  
maximum v a l u e  of each  pa ramete r  f o r  each run  was o b t a i n e d  t o  g i v e  a n  
o v e r a l l  d i s t r i b u t i o n  which would r e a d i l y  show t r e n d s .  

3 . e  d a t a  were f i t t e d  by a  d i s t r i b u t i o n  f u n c t i o n  which was then  used 
i n  p l o t t i n g  t h e  r e s u l t s .  F i g u r e s  15 and 16  c o n t a i n  r e s u l t s  o b t a i n e d  from 
t h e  March wind sample.  D i s t r i b u t i o n s  f o r  t h e  50-90 second i n t e r v a l  a r e  
shown f o r  a, (3, and MB (80) .  It can  be  s e e n  t h a t  wind b i a s i n g  has  con- 
s i d e r a b l y  reduced t h e  v e h i c l e  l o a d s  and t h e  p r o b a b i l i t y  of a  l aunch  d e l a y .  

F i g u r e  1 7  p r e s e n t s  t h e  t imewise  d i s t r i b u t i o n  of v e h i c l e  bending 
moment FB (80).  Th i s  f i g u r e  was o b t a i n e d  from t h e  Cumulative P r o b a b i l i t y  
Frequency (CPF) of t h e  measured d a t a .  The curves  l a b e l e d  maximum enve lope  
r e p r e s e n t  t h e  l a r g e s t  measured v a l u e  i n  each i n t e r v a l .  Superimposed on 
t h i s  f i g u r e  is  a n  approx imat ion  of t h e  maximum a l l o w a b l e  bending moment 
f o r  t h i s  s t a t i o n .  Again i t  c a n  be  s e e n  t h a t  t h e  p r o b a b i l i t y  of n o t  
e n c o u n t e r i n g  a  l aunch  d e l a y  i s  g r e a t e r  than  95% b u t  l e s s  than  100% f o r  
the meac wind b i a s e d  t r a j e c t o r y .  To p r o v i d e  c o r r e l a t i o n  w i t h  l aunch  
p r o b a b i l i t i e s  o b t a i n e d  by t h e  s y n t h e t i c  wind approach ,  d a t a  o b t a i n e d  
from t h e  months of November, January ,  February  and March a r e  compared i n  
table 11, These d a t a  a r e  g i v e n  a s  l aunch  p r o b a b i l i t y  o r  t h e  p r o b a b i l i t y  
of  n o t  e n c o u n t e r i n g  a  l aunch  d e l a y  due t o  winds. The b i a s  t r a j e c t o r y  
analyzed was developed f o r  March, and no a t t e m p t  was made t o  o b t a i n  a  
b i a s e d  t r a j e c t o r y  developed us ing  t h e  monthly means f o r  t h e  o t h e r  months. 
However, t h e r e  i s  o n l y  a  s m a l l  d i f f e r e n c e  i n  t h e  J a n u a r y  th rough  March 
monthly means. The r e s u l t s  shou ld  c o r r e c t l y  b e  i n t e r p r e t e d  a s  showing 
t h a t  t h e  l aunch  p r o b a b i l i t y  can  b e  i n c r e a s e d  by b i a s i n g  t o  some g i v e n  
wind orof i l e ,  

Tab le  XI. P r o b a b i l i t y  of Not Encounter ing 
A Launch Delay Due t o  Wind 

S y n t h e t i c  Wind J imsphere  Wind 

Month Unbiased Biased Unbiased Biased 

November 5 8% 9  6% 8  8% 9 7% 

J a n u a r y  2 7% 9  2% 80% 98% 

February  28% 9  0% 7 0% 9  8% 

March 2  6% 9  0% 64% 9  7% 



Figure 15. Tota l  Angle of Attack (9) and Total  Def lec t ion  (pT) 
vs the  P r o b a b i l i t y  of Not Exceeding f o r  March Sample of J imsphere  V i n d s  
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Figure 16. Maximum Bending Moment a t  Vehicle S t a t i o n  80 Meters 
vs P r o b a b i l i t y  of Not Exceeding f o r  March Sample of Jimsphere Winds 
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F i g u r e  17.  Skylab Bending Moment P r o f i l e s  Using 
March J imsphere  Wind Sample 



The r e s u l t s  c o n t a i n e d  i n  t a b l e  I1 show a  s u b s t a n t i a l  i n c r e a s e  i n  
l aunch  p r o b a b i l i t y  f o r  t h e  unbiased t r a j e c t o r y  when t h e  J imsphere  wind 
p r o f i l e s  were used i n s t e a d  of s y n t h e t i c  p r o f i l e s .  The i n c r e a s e  i n  l aunch  
p r o b a b i l i t y  f o r  t h e  b i a s  t r a j e c t o r y  comparison,  a l t h o u g h  n o t  s o  d r a m a t i c ,  
i s  s t i l l  s i g n i f i c a n t .  The r e s u l t s  f o r  t h e  unbiased t r a j e c t o r y  compari- 
s o n  i n d i c a t e  t h a t  t h e  s y n t h e t i c  winds a r e  o v e r l y  c o n s e r v a t i v e  f o r  t h i s  
v e h i c l e  c o n f i g u r a t i o n  and t h a t  t h e  p r o b a b i l i t y  of encoun te r ing  a  95% 
s teady-s  t a t e  wind speed w i t h  99% s h e a r s  and g u s t s  [ l  J i s  ex t remely  s m a l l .  
S t u d i e s  conducted on t h e  S a t u r n  V launch v e h i c l e  c o n f i g u r a t i o n  showed 
agreement between t h e  s y n t h e t i c  and J imsphere  wind p r o f i l e s  f o r  t h e  
unbiased c a s e  us ing a t t i t u d e  c o n t r o l  on ly .  However, t h e  s y n t h e t i c  wind 
p r o f i l e  i n d i c a t e d  a  20% r e d u c t i o n  i n  bending moment us ing  a  load r e l i e f  
c o n t r o l  scheme, w h i l e  t h e  J imsphere  p r o f i l e s  showed o n l y  a  5% r e d u c t i o n .  
In t h i s  i n s t a n c e ,  t h e  s y n t h e t i c  p r o f i l e  was n o t  c o n s e r v a t i v e ,  and gave 
more of a r i s k .  

V. CONCLUSIONS AND RECOMMENDATIONS 

It has been g e n e r a l l y  demonstra ted  i n  t h e  p reced ing  s e c t i o n s  how 
wind b i a s i n g  can  b e  used t o  i n c r e a s e  l aunch  o p p o r t u n i t y  d u r i n g  months 
w i t h  a h i g h  p r o b a b i l i t y  of  l a r g e  wind magnitudes (wi th  a n  a s s o c i a t e d  
d i r e c t ~ o n )  and h i g h  wind s h e a r s .  Three  methods of performing t h e  b i a s  
were mentioned: (1)  c o n t i n u o u s l y  t u r n i n g  i n f o  t h e  wind (9 = -VW/V), 
( 2 )  c a n c e l i n g  t h e  wind w i t h  d r i f t  v e l o c i t y  (Y = VW), and (3) a  combina- 
t i o n  of t h e  f i r s t  two methods (cp = ( ? - v ~ ) / v ) .  Method (3) was s e l e c t e d  
a s  t h e  b e s t  method f o r  t h i s  s t u d y  i n  t h a t  i t  o f f e r e d  t h e  b e s t  means of 
c o n t r o l l i n g  t e r m i n a l  d r i f t  and d r i f t  r a t e .  Th i s  method has  been 
successEu1l.y used on S a t u r n  v e h i c l e s  and has  been e f f e c t i v e  even i n  
load r e l i e f  c o n t r o l  sys tems (Sa tu rn  I and IB) .  

In using method 3 ,  a n  i n i t i a l  d r i f t  r a t e  was e s t a b l i s h e d  w i t h  t h e  
i n i t i a l  s t e e r i n g  l e d g e ;  and a s  t h e  dynamic p r e s s u r e  b u i l t  up, t h e  
v e h i c l e  was commanded t o  f l y  a  z e r o  angle-of  - a t t a c k  t r a j e c t o r y .  During 
this p o r t i o n  of t h e  t r a j e c t o r y ,  t h e  b i a s i n g  wind is  ba lanced  w i t h  a  
combinat ion of d r i f t  r a t e  and t u r n i n g  i n t o  t h e  wind t o  produce z e r o  
a n g l e  of a t t a c k .  It was a l s o  i n d i c a t e d  t h a t  t h e  two p o r t i o n s  of t h e  
t r a j e c t o r y  shou ld  b e  blended t o  e l i m i n a t e  any d i s c o n t i n u i t y  o r  t r a n s i e n t  
v e h i c l e  r e sponse .  I n  s e c t i o n  111, i t  was shown t h a t  t h e  t e r m i n a l  d r i f t  
and d r i f t  r a t e  could  b e  c o n t r o l l e d  by v a r y i n g  t h e  i n i t i a l  s t e e r i n g  l edge .  
It was concluded t h a t  t h i s  was t h e  major i n £  luence  of t h e  i n i t i a l  s t e e r i n g  
l e d g e ,  

S e c t i o n  I11 a l s o  showed t h a t  b i a s i n g  wind p r o f i l e s  o t h e r  t h a n  t h e  
mean wind cou ld  b e  used i n  g e n e r a t i n g  t h e  b i a s  s t e e r i n g  command. The 
b e s t  of t h e s e  p r o f i l e s  seemed t o  b e  t h e  ramp wind p r o f i l e  which could  b e  



s imply  c o n s t r u c t e d  and t h e  r e s u l t i n g  b i a s  s t e e r i n g  command was composed 
of s t r a i g h t  l i n e  segments.  

The l i m i t i n g  f a c t o r  i n  b i a s i n g  t o  l a r g e  wind magnitudes was t h e  
p o s s i b i l i t y  of e n c o u n t e r i n g  winds of o p p o s i t e  d i r e c t i o n  t o  t h e  b i a s i n g  
wind and winds normal t o  t h e  p l a n e  of t h e  b i a s .  As a n  ext reme example, 
a  b i a s  s t e e r i n g  command was g e n e r a t e d  t o  g i v e  a  l a r g e  n e g a t i v e  a n g l e  of 
a t t a c k  ( s e e  f i g u r e s  1 3  and 1 4 )  w i t h  z e r o  wind v e l o c i t y .  I n  t h i s  example, 
t h e  v e h i c l e  c a p a b i l i t y  was shown t o  b e  i n  excess  of 70 m/s,  but f o r  z e r o  
wind t h e  s t r u c t u r a l  l i m i t  was s l i g h t l y  exceeded a t  abou t  68 seconds ,  

The c o n c l u s i o n  drawn from t h i s  p a r t  of t h e  s t u d y  was t h a t  b i a s i n g  
t h e  t r a j e c t o r y  us ing  wind p r o f i l e s  o t h e r  than  a  monthly mean shou ld  b e  
c a r e f u l l y  weighed a g a i n s t  t h e  a v a i l a b l e  wind s t a t i s t i c s  f o r  t h e  month(s)  
of launch.  The recommended p rocedure  f o r  deve lop ing  a  wind b i a s e d  tra- 
j e c t o r y  i s  t o  u s e  t h e  mean wind v e c t o r  f o r  t h e  month of  l aunch  and 
deve lop  a  s t e e r i n g  command a s  o u t l i n e d  i n  method 3 above. Other c h o i c e s  
e x i s t  where l aunch  may t a k e  p l a c e  d u r i n g  a  pe r iod  c o v e r i n g  more than  
one month. During t h e  January  th rough  March p e r i o d ,  t h e r e  i s  no s i g n i -  
f i c a n t  d i f f e r e n c e  i n  t h e  s t a t i s t i c s ,  and a  b i a s  based on March s t a t i s t i c s  
w i l l  a d e q u a t e l y  cover  a l l  t h r e e  months. During o t h e r  monthly p e r i o d s ,  
i t  has proved e x p e d i e n t  and s a t i s f a c t o r y  t o  deve lop  a  b i a s  us ing  t h e  
mean wind v e c t o r  averaged over  t h e  pe r iod  of i n t e r e s t .  These o u t l i n e d  
p rocedures  have a l l  been s u c c e s s f u l l y  used i n  deve lop ing  b i a s  t r a j e c t o r i e s  
a t  MSFC. 

The o t h e r  types  of wind p r o f i l e s  mentioned i n  t h i s  s t u d y  a r e  recom- 
mended f o r  use  on ly  a f t e r  c a r e f u l  a n a l y s i s  of  t h e  b i a s  us ing t h e  mean 
wind v e c t o r  and t h e  b i a s i n g  f u n c t i o n  has  shown t h a t  t h e  p r o b a b i l i t y  of 
a  s u c c e s s f u l  l aunch  i s  n o t  a c c e p t a b l e .  The n e x t  l o g i c a l  s t e p  would be  
t o  use  a  ramp-type p r o f i l e  t o  r e a c h  t h e  peak wind speed of  t h e  components 
of t h e  mean v e c t o r  wind. A h i g h  speed d e t a i l  wind s i m u l a t i o n  a s  o u t l i n e d  
i n  t h i s  r e p o r t  could b e  used t o  de te rmine  which p l a n e  ( p i t c h  o r  yaw) 
needed enhancement t o  i n c r e a s e  l aunch  p r o b a b i l i t y .  

Care  shou ld  a l s o  b e  used i n  us ing  wind s t a t i s t i c s  i n  a s s e s s i n g  Launch 
r i s k .  The c a p a b i l i t y  t o  w i t h s t a n d  t h e  95% enve lope  of wind speed (wi th  
a s s o c i a t e d  s h e a r s  and g u s t s )  does n o t  imply a  95% chance of  s u c c e s s f u l  
l aunch .  It i s  p o s s i b l e  t o  have a  d i f f e r e n t  5% of t h e  t o t a l  p o p u l a t i o n  
o f  winds exceeding t h e  v e h i c l e ' s  wind c a p a b i l i t y  a t  each a l t i t u d e  i n t e r v a l ,  
r e s u l t i n g  i n  a  l aunch  p r o b a b i l i t y  c o n s i d e r a b l y  below 95%. For this reason  
t h e  c o u n t i n g  p rocedure  o u t l i n e d  i n  s e c t i o n  I1 is  used.  

A  s t a n d a r d  p rocedure  has  been s e t  up a t  MSFC t o  d e t e r m i n e  l aunch  
p r o b a b i l i t y  and p r e c l u d e  v e h i c l e  l o s s  due t o  h i g h  a l t i t u d e  winds.  The 
p rocedure  is  summarized a s  f o l l o w s :  



( 1 )  E s t a b l i s h  wind speed  l i m i t s  v e r s u s  a l t i t u d e .  

( 2 )  De te rmine  t h e  p r o b a b i l i t y  of a s u c c e s s f u l  l a u n c h .  

(3) I f  t h e  p r o b a b i l i t y  i s  n o t  a c c e p t a b l e ,  f o r m u l a t e  a  mean 
wind b i a s i n g  t r a j e c t o r y .  

(43 Determine  t h e  wind l i m i t s  and p r o b a b i l i t y  of  a  s u c c e s s f u l  
l a u n c h .  

(5) E s t a b l i s h  a  p r e l a u n c h  wind m o n i t o r i n g  and s i m u l a t i o n  
c a p a b i l i t y  u s i n g  winds measured w i t h i n  8 h o u r s  o r  l e s s  
of t h e  l a u n c h .  

I n  a d d i t i o n  t o  t h e  above  p r o c e d u r e ,  t h e  MSFC h igh - speed  s i m u l a t i o n  
wiL l  b e  used t o  p r e d i c t  t h e  l a u n c h  p r o b a b i l i t y  d i r e c t l y  u s i n g  s e l e c t i o n s  
of t h e  J i m s p h e r e  p r o f i l e s  f o r  e a c h  month. The number of wind p r o f i l e s  
which c a u s e  bend ing  moments g r e a t e r  t h a n  t h e  s t r u c t u r a l  c a p a b i l i t y  w i l l  
b e  c o u n t e d  and t h e  r e s u l t  used t o  d e t e r m i n e  t h e  p r o b a b i l i t y  o f  s u c c e s s .  
Th i s  w i l l  g i v e  t h e  t r u e  l a u n c h  p r o b a b i l i t y  f o r  a r e p r e s e n t a t i v e  s e l e c -  
t i o n  of  winds .  The s y n t h e t i c  wind a p p r o a c h  which i s  used i n  s t e p s  1 
t h r o u g h  4. above  w i l l  o n l y  g i v e  a s c a l a r  " c o n d i t i o n a l "  p r o b a b i l i t y  
s t a t e m e n t ,  

The a d v a n t a g e  of  a h igh - speed  a n a l o g  o r  h y b r i d  s i m u l a t i o n  program 
i s  t h a t  i t  a l l o w s  a  l a r g e  number of  d e t a i l e d  wind p r o f i l e s  t o  b e  examined 
i n  a s h o r t  amount of  t ime .  At a  speed  of  20 t i m e s  r e a l  t i m e ,  90 seconds  
of  v e h i c l e  f l i g h t  t h r o u g h  a sample  of  135 wind p r o f i l e s  c a n  b e  o b t a i n e d  
i n  a p p r o x i m a t e l y  12  m i n u t e s .  Wind p r o f i l e s  of  p a r t i c u l a r  i n t e r e s t  c a n  
b e  a n a l y z e d  i n  more d e t a i l  on a d i g i t a l  program and a v o i d  t h e  t i m e -  
consuming e f f o r t  o f  l o o k i n g  a t  a l l  of  t h e  p r o f i l e s  d i g i t a l l y .  By s t o r i n g  
p a r a m e t e r s  o f  i n t e r e s t  on m a g n e t i c  t a p e ,  one  c a n  i d e n t i f y  t h e  wind p ro -  
file produc ing  l a r g e  a n g l e  of a t t a c k ,  bend ing  moment, e t c .  

Another  a d v a n t a g e  t o  h igh - speed  s i m u l a t i o n s  w i t h  r e a l  wind p r o f i l e s  
would b e  g a i n  s c h e d u l i n g  w i t h i n  p r e s c r i b e d  s t a b i l i t y  l i m i t s  t o  d e t e r m i n e  
the  most  e f f e c t i v e  g a i n s  w i t h  and w i t h o u t  wind b i a s i n g .  S i m i l a r l y ,  t h e  
e f f e c t s  of v e h i c l e  d a t a  u n c e r t a i n t i e s  s u c h  a s  c .g .  o f f s e t s ,  e n g i n e  
m i s a l i g n m e n t s ,  e t c . ,  c a n  b e  a s s e s s e d  u s i n g  Monte C a r l o  t e c h n i q u e s .  
Recent  s t u d i e s  on t h e  Sky lab  i n d i c a t e d  a 20% i n c r e a s e  i n  t h e  mean bend- 
i n g  moment, b u t  o n l y  a  6% i n c r e a s e  i n  t h e  mean +2a l e v e l .  The n e t  e f f e c t  
on l a u n c h  p r o b a b i l i t y  was n e g l i g i b l e  f o r  t h e  wind b i a s e d  t r a j e c t o r y .  The 
i m p l i c a t i o n s  of  t h e s e  r e s u l t s  are  n o t  y e t  f u l l y  unde r s tood  and a d i f f e r e n t  
app roach  t o  t h e  problem ( u s i n g  t h e  "A" f a c t o r  method) is  b e i n g  implemented.  
T h i s  s h o u l d  g i v e  a c o n s e r v a t i v e  e s t i m a t e  of  t h e  bend ing  moment d i s  t r i b u -  
tion <o  compare w i t h  t h e  Monte C a r l o  r e s u l t s .  



F u r t h e r  a r e a s  of  i n v e s t i g a t i o n  which a r e  recommended f o r  cons i d e r a -  
t i o n  w i t h  t h e  MSFC high-speed s i m u l a t i o n  program a r e  

(1 )  b i a s  o p t i m i z a t i o n ,  

( 2 )  c o n t r o l  g a i n  o p t i m i z a t i o n ,  

(3)  e r r o r  a n a l y s i s  f o r  b o t h  b i a s e d  and nonbiased t r a j e c t o r i e s ,  

(4) method of  e s t i m a t i n g  b i a s  e f f e c t i v e n e s s  w i t h o u t  generating 
b i a s  t r a j e c t o r y ,  

(5) c o r r e l a t i o n  of d e t a i l e d  wind r e s u l t s  w i t h  s y n t h e t i c  w i n d  
r e s u l t s ,  

(6)  c o r r e l a t i o n  of d e t a i l e d  wind r e s u l t s  w i t h  j o i n t  w i n d  
speedlwind s h e a r  s t a t i s t i c s ,  and 

(7)  c o r r e l a t i o n  of d e t a i l e d  wind r e s u l t s  w i t h  random wind 
models.  
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